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Summary 

The  flow  in  the  wake  of  a  two-dimensional  blunt-trailing-edge  model 
was  investigated  in  the  Reynolds  number  range  '<-.3  x  10^  to  x  10^.  The 
effects  of  splitter  plates  and  base  bleed  on  the  vortex  street  were  examined. 
Measurements  were  made  of  the  longitudinal  spacing  between  vortices  and 
the  velocity  of  the  vortices,  and  compared  v.'ith  values  predicted  by 
von  Kerman's  potential  vortex  street  model.  The  lateral  spacing  was 
estimated  by  using  both  the  von  Kaxman  and.  Kronauer  stability  criteria, 

A  ne’vv  univei'sal  wake  Strouhal  number  is  devised,  using  the  value  of  lateral 
spacing  oredicted  by  the  Kronauer  stability  condition  as  the  length  dimension. 
A  correlation  of  bluff  body  data  was  found  when  pressure  drag  coefficient 
times  Strouhal  number  was  plotted  against  base  pressure. 
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longitudinal  vortex  spacing 
lateral  vortex  spacing 
velocity  of  sound 
pressure  drag  coefficient  - 


r, 


■^Uob 


vortex  street  drag  coefficient  - 

2pUo  a 

miniintjim  vortex  street  drag  coefficient 

base  pressure  coefficient 

V.d 

bleed  coefficient 

U  h 
o 

bleed  slot  width 
pressure  drag 
vortex  street  drag 
vortex  shedding  frequency 
base  height 

distance  betv/een  shear  layers  when  they  become  parallel 
distance  betv;een  shear  layers  at  the  commencement  of  vortex 
base  pressure  parameter,  ^^p^^  “ 
splitter  plate  length 
Shaw  acoustic  frequency 

hU 

Reynolds  number  based  on  h,  = 

fh 

Strouhal  number  =  " 

do 


fb 


new  wake  Strouhal  number  =  -- 

fh' 

Roshko  wake  Strouhal  nvimber  =  -  — 

velocity  at  the  edge  of  the  boundary  layer  at  separation 
vortex  velocity  relative  to  model 
fi*ee  stream  velocity 


formation 


vortex  velocit3'  relative  tc  the  free  stream 


V  . 
J 


X 


f 


bleed  velocity 

distance  from  base,  downstream  positive 
density 


y  kinematic  viscosity 

suffix  k  denotes  Rronauer  stability  criterion  used 
suffix  V  denotes  von  Karman  stability  criterion  used 
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Introduction 


Tne  aim  of  this  paper  is  to  compare  measured  vortex  street  parameters 
•.vith  those  predicted  ty  existing  theories  and  to  investigate  the  validity 
of  the  vortex  street  stability  criteria  of  von  Kannan  and  Kronauer.  It 
is  also  intended  to  investigate  ho>«  Vv  rtex  streets  are  affected  by  the 
introduction  of  either  splitter  nlatcs  ''r  base  bleed. 

Von  barman  (se'^  :.Iilne-ihc~3cn  ('>95?))  represented  the  vortex  street 
wake,  v;hici'  forms  behind  a  bluff  body,  by  an  idealised  potential  flow 
model  consisting  of  a  double  rov/  of  staggered  point  vortices.  The 
associated  vortex  street  dreg  coefficient  can  be  shown  to  equal. 
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where 


is  the  vortex  street  drag,  Uq  free  stream  velocity,  U'  is  the 
b  b 

velocity  of  vortices  relative  to  the  free  stream,  a  the  longitudinal  spacing 

b  / 

bet^veen  vortices  and  b  the  lateral  spacing  betft’een  vortices.  /a  is 
often  referred  to  as  the  spacing  ratio. 

It  has  also  been  shown  by  von  Karnan  that  vortex  streets  are  stable 
to  first  order  disturbances  if  ^/a  =  0.2S1.  Substituting  this  value  of 
the  spacing  ratio  into  equation  (l)  gi^os 


Ssv  =  ’-585  7  -  O' 

Uq 


/Uq\^ 

65  f--^  . 


...  (2) 


C  can  be  determined  f'rom  measurements  of  the  longitudinal  vortex 
spacing  and  the  vortex  shedding  frequency  f.  Since  f.a  =  where 

is  the  velocity  of  the  vortices  relative  to  the  model,  and 
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Uo  =  -  U3, 


Ug  f.a  S.a 
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Uo  Uo  h 

where  s/^=  is  the  Strouhal  number.  Conversely,  knowing  f  and  vortsx 

\ 

street  drag,  both  a  and  can  be  predicted. 

In  his  review  paper,  'Jille  (i960)  pointed  out  that  any  array  of  vortices 
is  unstable  to  any  order  of  disturbance  higher  than  the  first.  The  arrange¬ 
ment  is  particularly  unstable  to  any  three-dimensional  disturbance.  It 
would  seem  very  unlikely,  therefore,  that  vortex  streets  could  possibly 
exist  at  high  Reynolds  numbers  where  the  flow  is  fully  or  pertly  turbulent. 
The  fact  that  vortex  streets  do  exist  casts  suspicion  on  the  von  Karman 
stability  condition.  Various  authors,  including  Timme  and  Wille  (1557)  and 
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with  /a  increasing  with  distance  along  the  wake, 

Kronauer  (1964)  has  shown  that  spacing  ratio  is  not  an  important 

parameter  in  determining  C^g.  Fig^ure  1,  after  Kronauer,  shows  C^g, 

obtained  from  equation  (1),  against  ^/a  for  various  values  of  ♦  It 

can  be  seen  that  for  each  value  of  V'o.  c„,  is  very  insensitive  to 

Db 

changes  in  ^/a,  the  street  drag  coefficient  passing  through  a  broad 

minimum.  Kronauer  has  proposed  a  nev/  criterion  for  stability  which  states 

that  for  a  given  vortex  velocity  U_  the  vortex  street  adjusts  itself  into 

b 

the  configuration  giving  minimum  C^g.  The  stability  criterion  can  be 


written  as 


VaA\ 


=  0  . 


. . .  (4) 


--  =  constant 
Uo 


This  stability  criterion  is  based  on  no  direct  experimental  evidence 
and  one  of  the  purposes  of  this  investigation  is  to  determine  v/hether  it 
predicts  realistic  values  of  the  various  vortex  street  parameters. 


In  the  study  of  unsteady  base  flc./c  uue  nost  important  and  least 


understood  parameter  is  Strouhal  number.  liany  authors  have  attempted  to 
formulate  a  universal  Strouiial  number  to  compare  the  uakes  of  various 
bluff  bodies.  The  most  uidely  used  ur.iversal  uake  Strouhal  number  is 
that  due  to  Roshko  ('?5/rb).  Ro3h:;o  found,  ho-.vever,  that  v.’hen  a  splitter 
plate  vas  introduced  into  the  •..ake  of  a  circular  cylinder  the  value  of 
his  universal  Strouhal  n’jmbor  depended  on  splitter  plate  position.  The 
effect  caused  by  the  introduction  of  ;rake  interference  elements  on  the 
value  of  Roshko 's  v;al-:e  Strouhal  number  is  investigated  further. 

2.  lleasuroment  of  the  longitudinal  spacing  bety/een  vortices 

2 . 1  Experimental  arrajigement 

Tne  blunt- trailing-edge  models  used  (fully  described  in  Bearnan 
(l9o5)  and  (i966),)  had  a  base  height  h  of  in.  (2.94  cm)  ;and  chord 
of  t  in.  (15*25  cm).  The  Reynolds  number  based  on  h,  was  in 

the  range  '.3  x  10"^  to  4.'.  x  10*  .  The  nose  sections  vere  elliptical 
and  transition  v/ires  '..'ere  attached  at  20-  chord.  One  model  had 
provision  for  fitting  splittei'  plates  and  the  other  had  a  porous  base 
thiTough  which  air  could  be  bled  into  the  v/ake.  In  each  case  the  shear 
layers  lea-/ing  the  body  '.vero  parallel  and  by  applying  free- streamline 
theory  it  can  be  shc.ai  that  the  pressure  drag  coefficient,  v;ith  base 
hei^t  as  reference  length,  is  equal  to  "(Cp)  ,  the  base  pressure 
coefficient. 

In  Boarman  (19^5)  measurements  were  presented  of  S  and  base 

pressure  coefficient,  against  splitter  plate  length  t . 

Similar  quantities  were  given  in  Bearman  (l9e6),  this  time  as  a  function 

V.d  ^ 

of  bleed  rate  C  .  C  =  -^-  v/here  V.  is  bleed  velocitv  and  /h  is 
9  9  Uoh  j  ' 

the  proportion  of  the  base  that  was  poz’ous.  Further  experiments  eire 


L  - 


described  here  to  obtain  /h  as  a  function  of  /h  and 

2.2  Experimental  procedure  and  results 

The  longitudinal  spacing  ’a'  betiveen  successive  vortices  of  the 
same  ro»  was  measured  by  using  tr;o  hot  v/ires-  One  -.'ire,  the  reference 
vfire,  vas  fixed  at  some  position  in  the  v/ake  while  the  second  wire,  the 
movable  wire,  could  be  traversed  along  the  x  axis  of  tha  wake.  Hie 
two  resulting  signals,  after  suitable  filtering,  v/ere  displayed  on  an 
oscilloscope,  one  through  the  X  plates  and  the  other  through  the  Y 
plates,  and  exhibited  the  familiar  Lissagjou  figures.  To  obtain  the 
steadiest  figures  it  v/as  found  that  both  wires  had  to  be  in  the  same 
spanv/ise  plane.  The  upstream  v'ire  ’.vas  positioned  a  little  above  the 
downstream  one  in  order  that  there  should  be  no  interference  from  its 
wake . 


Typical  plots  of  phase  relationships  along  the  wake  are  shoivr.  in 
figure  2  for  the  basic  model  v/h.  =  0  or  =  O),  for  the  model  with 
a  splitter  plate  of  length  1,125  h  and  for  the  model  with  a  bleed 
quantity  =  0.0525.  x  is  the  distance  of  the  movable  './ire  from  the 
model  trailing  edge.  The  slope  of  the  curve  at  any  position  will  give 
the  reciprocal  of  the  longitudinal  spacing  of  the  vortices  at  that 
position.  This  plot  shows  that  a  became  constant  ’-  ithin  5  or  4  base 
heights  of  the  model  trailiiig  udgu.  As  slope  decreases,  spacing  ii  creases 
thus  near  the  model  the  vortices  \:ere  much  more  closely  spaced.  Veinr 
close  to  the  base  the  signals  i/ere  so  v;cak  that  it  was  impossible  to 
form  steady  Lissajou  figures.  As  splitter  plates  were  added,  or  bleed 
quantity  increased,  the  distance  do'-’nstreara  at  which  steady  figures  first 
appeared  moved  further  from  the  base. 


The  region  in  v/’.'ch  a  v;a.s  found  to  be  constant  will  be  referred  to 
as  the  stable  region.  Figure  3  shov’s  a  plot  of  the  stable  region  vortex 


spacing  /h  versus  splitter  plate  length  for  R,  =  2,3  x  10^  and 

D 

4.1  X  .  Fron  the  neasurenents  there  appeared  to  be  no  consistent 
relationship  bet-een  the  t’./o  Reynolds  nunber  cases  but  this  aay  have 
been  due  to  inaccuracies  in  measuring  /h.  The  movable  probe  could  be 
positioned  to  •..•ithin  ±0.01  h  but  there  './as  a  snail  range  of  x  over 
'.-.’hich  the  Lissajou  figure  ;;r.s  observed.  Ihis  -.vos  probably  caused  by 
an  unsteadiness  in  the  basic  vortex  shedding  mechanism.  The  accuracy 
in  measuring  /h  ;;as  limited  to  about  2  but  could  have  been  './orse  for 
the  2.0  h  splitter  plate  ''here  the  velocity  fluctuations  associated  \-d.th 
shedding  v/ere  comparatively  '..'oak. 

'^ith  kno'/^ledge  of  the  shedding  freouency  and  vortex  spacing  it  '/■'as 
now  possible  to  evaluate  the  velocity  with  -./hich  vortices  passed 


the  hot-'*/ire  probe. 


U  a 

-5  =  r .  s 

U.  Vi 


--  evaluated  in  the  stable  region  is  shown  plotted  in  figure  3  against 
^/h  for  the  two  previous  Reynolds  nunber  cases.  The  accuracy  is  expected 
to  be  no  better  than  3/^  since  it  depends  on  the  accuracy  of  the  measured 
values  of  S  and  ‘/h.  For  the  basic  model  the  vortices  wore  travelling 
between  88  and  89"  ■  of  free  stream  velocity.  Since  the  shedding  frequency 
was  constant  dov/n  the  v/ake  it  is  evident  from  figure  2  that  in  the  initial 
part  of  the  wake  the  vortices  -./ere  accelerating. 

Plots  of  “/h  in  the  stable  region  versus  bleed  rate,  for  the  t;io 
slot  widths  (  /h)  investigated,  are  shown  in  figures  4  and  5.  Tne  shape 
of  these  curves  is  very  similar  to  the  shape  of  the  splitter  plate  curves 
in  figure  3  v/ith  the  minimum  value  of  /h  occurring  at  the  C  appropriate 


to  the  maximum  value  of  S. 
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As  described  in  Beannan  (l9b6),  ovor  a  range  of  C^,  the  hot-wire 

signals  shmved  very  regular  fluctuations  at  frequencies  associated  ;/ith 

vortex  shedding.  The  resulting  Lissajou  figures  •..'ere  very  steady  and 

the  values  of  a  obtained  are  likely  to  be  nore  accurate  than  those  found 

in  the  splitter  plate  invest ' gation.  In  the  region  of  approaching 

the  value  v;here  regal 'oa  shedding  ceased  the  Lissajou  figures  cecaiae  very 

vmsteady  and  hence  the  accuracy  of  a  deteriorated. 

Shov-n  in  figures  6  and  7  sre  plots  of  ^N/Uo  against  C^.  It  can 

be  seen  that  there  v/as  a  general  trend  towards  hi^ier  values  of  "N/U. 

with  increasing  bleed  rate.  For  the  larger  slot  width  values  of 

greater  than  unity  v/ere  recorded  at  higi:  values  of  .  This  '.vould. 

Q. 

appear  to  have  no  neardng  and  is  probably  due  to  the  inaccuracy  in 
neasijring  a,  at  high  values  of  C^,  nentioned  above. 

3 .  Prediction  of  Vortex  Street  Parameters 


'  Vortex  velocity  and  longitudinal  spacing 
In  the  introduction  the  ’.veil  kno'./n  potential  flo’./  aodcl  of  the 
wake  v/as  described  and  the  expression  (equation  (l))  governing  the  drag 
assccaatea  ‘.vith  such  a  Dodol  ..'as  pi’esenx^eu.  L’iii erenticcing  tnis 
equation  and  applying  the  itronaucr  stability  criterion  (s.-quation  4)  gives 
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.  .  h  /  Uc 

The  relationship  between  /a  and  /Uq  is  shown  plotted  in  figure  8 
for  values  of  to  0.24.  The  von  Kansan  stability  condition, 

that  /s-  =  0.281,  is  also  plotted  in  figure  8  and  corresoonds  to  a 
value  of  =  0.14,  which  is  a  fairly  representative  value  for  nany 

bluff  body  shapes. 

As  ^/do  tends  to  zero,  /a  also  tends  to  zero  '.'hich  suggests  a 


x*low  configuration  conoisting  of  a  line  of  equal,  contra-rotating  vortices 
advancing  \i'3th  zero  velocity  relative  to  the  free  stream.  The  circulation 
associated  with  an  individual  vortex  and  the  drag  cf  such  an  array  can  be 
shown,  from  equation  to  go  to  zerc .  The  other  extreme  condition  of 

equation  (5)  is  v^hen  /a  tends  to  infinity  and  then  cosh  ~  sinh 


and  cosh  .  sirii  ^^/a  becomes  yery  much  greater  than  *^^/a.  Thus 


TtD 


equation  (5)  becomes 


U  Q  ^ 

- 2  =  - r - -- 

Uo  cosh  --  .  sinh  -- 

o  CL  3. 


...  (6) 


and  therefore  U„  =  This  describes  the  flow  in  two  shear  layers  where 

each  shear  layer  is  represented  by  a  line  of  very  closely  spaced  point 
vortices,  such  that  the  distance  betiveen  the  shear  layers  is  very  much 
greater  than  the  longitudinal  spacing  berween  successive  vortices.  Between 
these  two  extremes  lies  the  range  of  values  of  ^/a  for  v/hich  vortex 
streets  are  formed. 

U  b 

For  each  value  of  S/Uc  there  is  a  corresponding  value  of  /a  which 

makes  a  minimum.  The  minimum  vortex  street  drag  coefficient, 

Db  iJo. 

b  , 

is  shown  plotted  in  figure  against  a  limited  range  of  values  of  /a. 

"lien  equating  the  vortex  street  drag  to  the  body  drag  the  problem 
arises  as  to  whether  the  vortex  street  drag  should  be  equated  to  the  body 
pressure  drag  or  profile  drag,  ’/ith  most  bluff  body  shapes  skin  friction 
represents  a  small  contribution  to  total  drag.  Jith  the  basic  blunt- 
trailing-edge  section  described  here  skin  friction  accounted  for  about  15$^ 
of  the  total  drag.  This  percentage  contribution  rose  to  about  30^  when 


a  2h  splitter  plate  was  added.  The  assumption  made  here  is  that  vortex 
street  drag,  derived  from  the  idealised  potential  flov/  model  of  the  wake, 
should  be  equated  to  body  pressure  drag. 
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In  Bearman  f'96^)  and  '^9^c)  the  effects  of  "ind  tionnel  blockage  on 
the  model  drag  and  base  pressure  -.vere  <^stir.ated  using  the  feskell  (1949) 
correction.  This  method  is  only  valid,  however,  up  to  the  position  in  the 
wake  at  which  the  shear  la^/ers  becone  oarallel  end  no  detailed  information 
is  kno'.T.  about  the  effects  of  blockage  on  the  vortex  street  itself.  The 
drag  of  the  model  is  to  bo  e^u-t'd  to  the-  di'ag  of  the  vertex  street  and 
thus  to  be  consistent  crJ.y  measured  values  v.ill  be  compared. 

The  body  pressure  C'-ag  coefficient,  can  to  related  to  the  drag 

coefficient  of  the  vortex  street  by 


h.Cjp  R.Cjjg  . 


...  (7) 


Multiplying  equation  (7)  by  S  gives 


^  •  Sf  =  ®  V  Ss  =  7  •  Ss  = 

“  0  bo  / 


...  (8) 


If  either  the  von  Karoan  or  ;\ronauor  stability  criterion  is  used  to 


evaluate  Cj^g  the  product  3,0.  ^  is  only  ^  furotior.  of  r'he  velocity 
of  the  vortices.  FLg'ire  9  she-/£  a,  plot  of  .  C,,^.  against 

•a,  yri'i  uq 

where  3^^,.  vas  obtei-ced  using  the  Kronauer  cxfbility  criterion.  Thus 

z’rom  measured  values  of  S  and  it  i  s  r'os.siblo  to  nrodict  -- 

Dr  ‘  -  Uo 

In  the  following,  un.^.os5  otherwise  stated,  the  hronauer  scability  criterion 
v/ill  be  used  to  deternir.e 

'-'o  -J 

•  ■  b 

It  has  been  shown  +hat,  as  --  tenus  ta  O.'i-  /a  t^-nds  to  infinity 

->0  ,J 

and  therefore  all  possible  values  of  must  be  greater  than  0.5.  There 

TT  3o 


N 


u, 


M 


ore  two  possible  solution.s  of  --  frr  valties  of  ,  C_-,,  greater  than 

■0  Jc  DSI.'i 

0.16.  It  IS  assumed  th'^t  the  greater  of  the  two  solutions  always  exists, 

which  means  that  vortex  velocities  must  be  f^reater  than  about  0.70  Uq 

Page  and  Johansen  (1927)  measured  -- 

Uq 


for  a  large  variety  of  bluff  body 
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shapes  and  the  smallest  value  recorded  7>as  0.77  Uo  •  The  author  knows 

U 

of  no  measurements  in  a  fully  developed  vortex  street  where  was 

Uc 

less  than  0.70. 

'^K 

Predicted  values  of  are  sho  m  compared  with  those  measured  in 

the  base  bleed  experiments  in  figures  6  and  7  for  ^/h  =  0.59  and  0.93 
respectively.  The  theory  appears  to  show  the  general  trend  of  the  results 
quite  well  and  the  agreement  is  particularly  good  up  to  values  of  C 

U  ‘I 

of  about  0.05.  If  the  theoretical  value  of  n-  is  divided  by  the 

Uo 

experimental  value  of  S,  corresponding  to  that  ■'articular  C^,  a  value 

for  /h  is  found.  These  values  are  shown  in  figures  4  and  5  a.nd  the 

agreement  between  theory  and  experiment  is  again  close. 

The  splitter  plate  results  are  shov/n  in  figure  3  for  the  two  Reynolds 

number  cases.  The  agreement  be-t.-zeen  the  theoretical  and  experimental 

values  v/as  not  so  good;  the  oujrve  of  --  has  an  opposite  slope  to  the 

Uo 

experimental  results  for  long  splitter  plates.  The  reasons  for  this  may 

lie  in  the  inaoouraoy  of  the  experimental  results  for  values  of  ^/h 

greater  than  ">.75«  The  shedding  frequency  for  these  long  splitter  plates 

v/as  not  sharply  defined  and  it  may  well  have  been  more  appropriate  to 

represent  S  by  a  band  of  possible  values,  corresponding  to  a  band  of 

values  for  The  values  of  /h  obtained  with  the  splitter  plates 

Uo 

are  again  fairly  well  predicted  by  the  potential  flov;  model. 

The  drag  of  the  potential  vortex  street  model,  as  shovm  by  figure  9, 
is  extremely  sensitive  to  changes  in  The  drag  formula,  equation  (O. 

"s 

is  a  f'unction  of  and  since  --  is  often  near  unity  it  is  very 

Uo  TT  Uo 

difficult  to  measure  --  very  accurately.  Taking  the  basic  model  as  an 
U 


example;  if  --  changes  by  Strouha?  number  remaining  constant,  Cp.„ 
Uo  DF 

changes  by  &fo.  It  is  not  possible,  therefore,  v/ithin  the  limits  of 
experimental  accuracy,  to  measure  ^/h  and  S  and  hope  to  predict 


accurate  values  of  C^_.  It  can  "he  seen  that  the  vortex  street  uarometers 

Dr 


need  only  change  very  slightly  to  acconmodate  large  changes  in  drag.  This 
means  that  if  drag  and  Strouhal  number  are  knovm^  accurate  values  of 

Uo 

and  /h  can  be  pi’edicted. 

3 . 2  Lateral  spacing  and  sr^cing  ratio 

As  shovm  by  Xronauer  (1964)  the  spacing  ratio  is  not  an  important 

narameter  in  the  determination  of  drag  and  hence  the  von  Karman  drag 

a , 

formula  would  have  predicted  the  values  of  /h  and  --  equally  well. 

Uo 

The  foregoing  work  shov:s,  however,  that  the  vortex  street  model  predicts 
reeilistic  values  in  vortex  streets  v’5th  wake  interference.  Use  of  the 
Kronauer  stability  criterion  allows  predictions  to  be  made  of  spacing 
ratio,  and  also  ^/h,  v/hich  may  be  more  representative  of  the  actual 
flow  than  the  von  Kar-mcn  values. 

b  b 

Figure  10  shows  estimations  of  /h  and  /a  for  the  splitter 

plate  results  at  11^-2.3x10'*;  suffix  v  denotes  the  von  Karman 

stability  criterion  has  been  used  ^md  suffix  k  the  Kronauer  criterion. 

Figure  11  shows  the  corresponding  quantities  derived  from  the  base  bleed 

results  './ith  Vh  =  0,93.  It  is  interesting  to  note  that,  for  the  bleed 

case,  the  Kronauer  values  of  ^/a  v/ere  almost  constant  up  to  C  -  0,07. 

9. 

This  corresponds  to  the  C  at  which  S  was  a  maximum  and  v?here  there 
v/as  a  kink  in  the  base  pressure  versus  cur\’’o  described  in  Bearman 

(1966).  In  all  cases  the  von  Karman  stability  criterion  predicted  higher 
values  of  ^/h  but  the  shapes  of  the  curves  y,'erc  very  similar. 

It  is  very  difficult  to  measure  ^/h  experimentally.  Berger  (1964) 
states  that  no  characteristic  hot-v/ire  signal  can  be  expected  from  the 
centres  of  vortices  and  criticizes  measurements  of  ^/h  that  have  been 
obtained  by  the  'hot“\.'ire  technique*.  In  an  attempt  to  estimate  ^/h 


the  flow  in  the  v/ake  of  the  base  bleed  model  ’./as  visualised  with  smoke. 


At  high  Reynolds  numbers  it  proved  very  difficult  to  locate  the  centres 

of  vortices  and  the  only  conclusion  './as  that  ^/a  appeared  to  bo  less  than 

0.281  but  that  it  '.’as  impossible  to  assign  an  accurate  value  to  it.  This 

■b 

in  itself,  therefore,  offers  very  little  proof  that  (  /h)^  is  more 
representative  than  (^/h)^.  It  is  proposed,  by  the  introduction  of  a 
new  universal  Strouhal  number,  to  substantiate  that  (Vh)j^  is  mare 


representative  than  (  /h)„. 

3.3  strouhal  number 

The  only  direct  attempt  to  predict  Strouhal  number  has  been  that  by 
Shaw  (1949),  (195O  2.nd  (1956)  in  a  series  of  unpublished  papers.  Shaw 
proposes  an  acoustic  theory  which  states  that  the  interaction  of  disturbanc 
centres,  by  pulses  travelling  between  then,  can  exercise  a  regulating 
influence  on  air  flow.  He  takes  as  his  basic  example  the  flow  around  0 


a 


circular  cylinder  at  subcritical  Reynolds  numbers.  The  theory  is  in  good 
agreement  with  exceriment  but  is  open  to  c  riticism  on  the  grounds  that  a 
suitable  mode  of  vibration  has  to  bo  chosen.  Shav/  (1956)  extends  his 
method  to  various  bluff  body  shapes  but  is  unable  to  predict  a  priori 
the  mode  of  vibration. 

On  the  basic  model  described  here  likely  "centres  of  disturbance"  are 
the  leading  edge  stagnation  point  and  the-  two  separation  points.  If  it  is 
assumed  that  the  basic  Shav/  acoustic  tre-quency  N  is  the  one  associated 
v/ith  the  passage  of  a  pulse  back  and  forth  between  the  separation  points 
N  -  V2h,  where  c  is  the-  velocity  nf  sound.  Shav/  (l949)  shows  that 


S 


h 

Uo 


and  thus 


=  0.25  -S. 
Uo 


S 


For  the  basic  model  fj-  ~  0,£9  and  the  predicted  value  of  S  is  0.222 
against  a  measured  value  of  0.244.  Agreement  is  not  as  good  as  Sha;;  found 
in  the  circular  cylinder  ca£>e.  The  measured  valuf-  of  the  longitudinal 
spacing  between  vortices  vac  3  and  bj*’  the  Shaw  analysis  a  value  of  4h 
is  predicted. 

A  pressure  transducer  was  inserted  in  the  centre  of  the  base,  flush 
v/ith  the  surface,  to  try  and  detect  any  high  frequency  acoustic  waves. 
Frequency  traverses  were  carried  out  bet’veen  50  c.p.s.  and  50  kc.p.s. 
but  the  only  predominant  frequencies  were  those  directly  resulting  from 
vortex  shedding.  Gerraird  (lS6l)  was  also  uriable  to  de-*-.ect  any  Shav/ 
frequencies  with  a  pressure  transducer  flush  './ith  the  surface  of  a 
circular  cylinder. 

The  Shaw  analysis  assumes  that  the  vortices  quickly  settle  dov/n  to 

a  stable  configuraticn.  Experimental  me- isurements  of  and  '/h 

sho7/  this  to  be  time,  ’..'ith  the  bleed  model,  if  the  two  rear  centres  of 

disturbance  are  taken  as  fhe  separation  points,  the  acoustic  paths  will 

not  change  with  tlie  addition  of  bleed  and  /h  should  remain  constant. 

a  , 

However  this  is  seen  not  to  bf.-  th.-  ''.nd  /h  decreases  by  as  much 

as  20^  v/ith  the  addition  cf  bl'ed.  Thus,  apart  from  Shav/' s  own  experi¬ 
ments,  there  appears  to  be  little  evidence  to  support  this  theory. 

5.4  7ake  Strouhal  number 

It  was  demonstrated  by  Roshko  (1554b)  that,  by  applying  simple 
physical  arguments  to  the .mechanism  of  vortex  shedding,  a  parameter 
could  be  derived  to  compare  the  wakes  of  different  bluff  bodies.  He 
considered  t-.vo  shear  layers  a  distance  h'  apart  v/ith  the  velocity 
outside  the  layers  equal  to  the  velocity  at  the  edge  of  the  boundary 

layer  at  the  sep/iration  point.  The  frequency  v;ith  which  vortices  were 


formed  was  considered  proportional  to 


and  thus  a  v/ake  Strouhal 


nunb^r  S_  could  be  formed  where 
R 

fh‘ 

r> 

^  T  ■ 

b 

By  applying  Bernoulli’s  eruation  tc  the  flov/  at  the  separation  point, 
just  outside  the  boundary  layer. 


■'-t  =  • 

It  is  convenient  to  replace  (1  -  by  K  and  then 

Sh' 

^  "  T'~ 

Kh 


h'  was  obtained  by  the  notched  hodograph  method  (Roshko  ''954a-)  for  three 
simple  geometric  shapes:  circular  cylinder,  flat  plate  and  90°  wedge. 
This  gave  a  fairly  constant  of  0.163  i  0.01  over  most  of  the 


Reynolds  number  range  examined. 

\ 

The  notched  hodograph  method  gives  the  spacing  of  the  shear  layers 
v/hen  they  become  parallel  and  it  is  assumed  that  the  vortices  begin  to 

<*V»  n  ^  ^  ^  ^A  4'V»  r-  /aT  oV»ny%ri 

^  VX  X  X  V.'XW  .•X.V«a  •  .A.  VA  AX.'  «.A\/VAN.^  U  k./AAV*^*.^ 

g 

obtain  the  results  described  in  this  paper  h'  =  h  and  thus  S_  =  -. 

K  a\ 

For  the  basic  model  this  gave  a  value  of  -  0.'9.  -'ith  the  introduction 
of  -wake  interference  it  has  been  shovm  (sec  Bearman  (1966))  that  the  vortex 
formation  position  is  moved  further  from  the  body.  Thus  although  h’ 
still  equals  h,  it  is  no  longer  representative  of  the  distance  betv/een 
shear  layers  at  the  commencement  of  shedding.  For  example  at  =  O.O8 
and  ^/h  =  0.93,  =  0.278  and  thus  3  is  not  suitable  to  compare 

the  wakes  of  bluff  bodies  with  -wake  interference. 

Tne  typical  length  required  v/ill  be  called  h"  and  is  the  distance 


between  shear  layers  at  the  commencement  of  vortex  shedding.  If  the 
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assumption  is  now  made  that  the  lateral  (iis:;lacement  het'/reen  the  vortex 
rows  is  equal  to  h",  a  new  Strouhal  number  is  obtained.  The  new 


Strouhal  number  S„  becomes 

15 


fb  Sb 


U. 


Kh 


S  and  K  are  measured  values  and  ’'/h  can  be  found  by  using  either  the 
von  Karman  or  Kronauer  stability  criterion,  S  ,  found  by  using  the 
Kronauer  stability  condition,  is  plotted  against  K  in  figure  12  for  the 
splitter  plate  and  base  bleed  results,  and  over  the  majority  of  the 
range  a  constant  values  of  Sg  of  about  0.1 8l  was  obtained.  At  low 
values  of  K,  corresponding  to  hi^  ^q*^  splitter  plates, 

there  was  a  slight  reduction  in  S„.  This  was  not  surprising  because  it 
can  be  shown  that  when  K  =  1,  Sg  will  be  zero.  Taking  as  an  example 
the  basic  model  shape,  it  is  seen  that  v;hen  K  1  (i.e.  (Cp)-jj 

Um 

-*•  0.  Therefore  the  vortex  street  drag  .-ill  tend  to  zero  and  --  -♦  1 
which  means  that  the  spacing  ratio  ’.vill  approach  zero.  Now  since 

fb  fb  Uo  a 


U  b  1 
N 


TT  TI 

UO  U 


Jo  a  fi. 


it  is  clear  that  S„  v/ill  tend  towards  zero.  In  the  experiments  it  was 

B 

found  that  the  wake  stabilised  and  shedding  ceased  long  before  S_  =  0. 

B 

If  the  von  Kerman  stability  criterion  had  been  used  to  predict 

^/h  a  constant  value  of  S_  'would  not  have  been  obtained.  This  is 

B 

demonstrated  in  figure  12  where  (S  )  decreases  with  increasing  K. 

a  y 

Since  Sg  involves  parameters  characteristic  of  the  v;ake  the  existence 

of  a  constant  value  of  v/ould  appear  to  place  some  justification  on 

b 

the  validity  of  the  Kronauer  stability  criterion.  As  a  more  rigorous 
test  the  analysis  has  been  extended  to  a  variety  of  bluff  body  shapes. 
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Bie  infornation  required  to  compute  S_  is  the  value  of  (C  )  and 

b  lib  p  -jj 

S.  Circular  cylinders  have  been  very  well  documented  by  Kronauer  (19^4) 
over  the  Reynolds  number  range  R^  =  10^  to  10®.  Roshlco  (i96l)  has 
carried  out  experiments  at  higher  Reynolds  numbers  (R.^  =  2x10^  to  1 0’ ) 
v;her9  the  boundary  layers  on  the  cylinder  were  turb'ulent.  Flat  plate  and 

J  ^  ^  \. _ T _ ...  ^  X* _ _  T\ _ TX _ *-%-  _ _  "i-  _ _ 3 

yv  •ruu.gc’  u-ciott  iitio  LTCJcii  yui/uj.iicu  11-uii;  ivubiift.u  \  rux'uit;i.‘  ua»c  uxccu. 

data  v/as  taken  from  \7ood  (1964)  and  Bellhouse  and  '/ood  (^965).  Fage  and 
Johansen  (l927)  have  published  results  for  an  ogival  and  extended  ogival 
shape  and  Nash  et  al.  (1965)  have  presented  resxilts  for  a  bluff  section 
fitted  v;ith  splitter  plates.  The  last  t’.vo  authors  only  present  (Cp)^ 
and  S  but  in  each  case  the  shear  layers  left  the  model  parallel  and 
free  streamline  theory  ha-  been  applied  to  obtain  The  values  of 

for  these  various  bodies  are  plotted  in  figure  1.5  and  again  shov/  a  collapse 
of  the  data  on  to  a  value  of  Sg  =  0.131. 

A  given  value  of  assuming  a  universal  Strouhal  number 

implies  a  given  value  of  K.  C^p.S  is  shown  plotted  against  K  in 
figure  14  for  all  the  available  data  and  shows  a  reasonable  collapse  of 
the  results.  The  curve  shov/n  in  figure  14  was  obtained  by  assuming  the 
Kronauer  stability  criterion  to  hold  and  putting  Sg  =  O.I8I.  The  scatter 
3ho\/n  in  figures  14  would  have  been  greater  if  profile  drag  coefficient 
instead  of  had  been  used.  By  using  this  correlation  of  results  the 

vortex  shedding  frequency  of  a  bluff  body  can  be  determined  from  its 
pressure  distribution. 

Although  figure  14  3ho\;s  a  general  collapse  of  the  data  it  does  not 
take  account  of  the  detailed  variations  of  S,  and  (C„),  at  low 

values  of  K.  As  in  figure  12  the  bleed  and  splitter  plate  results  shov/ 
a  trend  away  from  the  curve  Sg  =  0.1 81  for  values  of  K  less  than  about 
1.16.  This  value  of  base  pressure  corresponds  to  the  value  of  and  ^/h 
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at  which  S  v/as  a  maximum.  Tood's  results  also  show  a  trend  away  from 
the  line  S_  =  0.1 81  for  values  of  K  less  than  1.09.  The  value  of  K 

D 

also  corresponds  to  the  at  v/hich  S  'was  a  c-axinun.  Further  research 

is  required  to  determine  if  there  is  a  change  in  the  vortex  formation 
process  at  these  low  values  of  K. 

4.  Conclusions 

The  von  Karman  idealj  sed  potential  flov;  model  predicted  accurate 
values  of  the  longitudinal  spacing  between  vortices  in  the  ’.'ake  behind  a 
two-dimensional  blunt- trailing- edge  section  with  and  without  wake  inter¬ 
ference.  No  experimental  evidence  could  be  found  to  support  Shav/'s 
acoustic  theory  of  vortex  shedding.  The  value  of  Roshko's  universal  wake 
Strouhal  number  was  affected  by  the  introduction  of  wake  interference 


elements.  Both  the  von  Karman  and  Kronauer  stability  criteria  were  used 

to  estimate  the  lateral  spacing 'bet-.vec-n  vertices.  Using  the  Kronauer 

stability  condition  to  determine  b,  a  nev:  universal  ;vake  Strouhal  number 

fb 

v/as  formed;  =  ”•  ‘Tien  plotted  against  the  base  pressure  parameter  K 
S_  =  0.1 8l  over  a  wide  range  of  K  fcx-  a  variety  of  bluff  body  shaoes. 

It  is  thought  that  this  justifies,  in  part;  the  use  of  the  Kronauer 
stability  criterion.  From  the  definition  of  a  universal  curve  is 

suggested  if  plotted  against  K. 
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FIG.  2 


Phase  relations  along  the  wake 


FIG  .  3 


Potential  flow  model 
R{5“  2'3  X  10^ 

*  4*1  X  iO^ 

Rb  «  2-3  X  10^ 

4-1  X  10"^ 


and  versus  splitter  plate  length 


FIGS.4&5 
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- Potential  flow  model 
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o  R^  — 4*1  X  10^ 
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£b  versus  K  for  the  base  bleed  and  splitter  plate  results 
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1‘0  1*1  h2  l‘3  K  1-4  1*5 

X  splitter  plctcs , Nash  et  al.(l963)  Mach  No. 0  4 
o  base  bleed  ,  Wood(l964)and  Bellhouse  and  Wood(l965) 
9  ogival  shape,  Page  and  Johansen  (l927) 

•f  extended  ogival  shape,  Page  and  Johansen  (l 92?) 
V  90®  wedge, Roshko  (1954(b)) 

□  flat  plate,  Roshko  (l  954  (b)) 

0  circular  cylinder,  R^IO^  to  10^^  Kronauer  (l 9 64^ 

9  circular  cylinder,  R * 2x  I  0^  to  10^,  Roshko  (l96l) 

- mean  of  results  from  Fig  .  12 

Sq  versus  K  for  various  bluff  body  shapes 


A  Splitter  plates  Rjj=2-3  3 

▼  Splitter  plates  R|j  55  4*1  x 
«  Base  bleed  d/h  sO'59 

©  Base  bleed  d/h  =0-93 
other  symbols  as  Fig.!  3 
—  Assuming  Sg  =0*18! 


P^P  versus  K  for  various  bluff  body  shapes 


